ABSTRACT: A PCR assay for detection and identification of the fish pathogen Listonella anguillarum was developed. Primers amplifying a 519 bp internal fragment of the L. anguillarum rpoN gene, which codes for the factor σ 54 , were utilized. The detection limit of the PCR using L. anguillarum pure cultures was approximately 1 to 10 bacterial cells per reaction. For tissue or blood samples of infected turbot Scophthalmus maximus, the detection limit was 10 to 100 L. anguillarum cells per reaction, which corresponds to 2 × 10 3 to 2 × 10 4 cells g -1 fish tissue. Our results suggest that this PCR protocol is a sensitive and specific molecular method for the detection of the fish pathogen L. anguillarum.
INTRODUCTION
Vibriosis is one of the most important and the oldest recognized fish disease in marine aquaculture worldwide. The causative agent, Listonella anguillarum, was initially isolated by Canestrini (1893) . Since the first identification, vibriosis has been described in anadromous and catadromous species (Toranzo & Barja 1990 , Austin & Austin 1999 , Pedersen et al. 1999a and is reported to produce disease in more than 48 fish species (Austin & Austin 1999) .
Among the 23 different O-serogroups described for Listonella anguillarum (Pedersen et al. 1999b) , only Serogroups O1, O2 and O3 are important as the causative agent of mortalities in farmed and feral fishes, with the remaining serogroups considered to comprise mainly environmental strains isolated from water and sediment (Sorensen & Larsen 1986 , Austin et al. 1995 .
Diagnosis of vibriosis is mainly based on the study of the phenotypical traits of the isolated bacteria followed by serological confirmation of the identification. Immunological assays such as dot-blot (Cipriano et al. 1985) and ELISA (Adone et al. 1996) have also been developed for the detection of bacteria in fish tissues. However, the use of these methods has been limited by their poor detection levels and the existence of crossreactions with the close relative Vibrio ordalii species. Thus, there is a need for fast, sensitive and specific molecular methods to detect Listonella anguillarum in field samples. Hirono et al. (1996) , cloned a hemolysin gene of Listonella anguillarum, and used the sequence to design a DNA probe. However, this hemolysin gene is not present in all the L. anguillarum isolates, and its use as a diagnosis tool does not guarantee the detection of all isolates of this fish pathogen.
Sequencing of the 5S rRNA and 16S rRNA gene sequences in Listonella anguillarum (MacDonell & Colwell 1985 , Valle et al. 1990 ) and in other vibrio species (Kita-Tsukamoto et al. 1993 , Ruimy et al. 1994 ) has facilitated the design of oligonucleotide probes. Rehnstam et al. (1989) and Ito et al. (1995) developed probes for the identification of L. anguillarum by RNA-DNA colony hybridization targeted to the 16S rRNA and 5S rRNA gene sequences, respectively. Later, Martínez-Picado et al. (1996) published a method for detection of L. anguillarum based on the combined use of the selec-tive Vibrio anguillarum medium (VAM: Alsina et al. 1994 ) and a nonradioactively labelled oligodeoxynucleotide sequence complementary to 16S rRNA . Although these nucleic acid hybridization techniques are useful for L. anguillarum identification, they are hampered by the need for previous isolation of the pathogen. The same difficulty in the detection of other bacterial species was solved by PCR-based methods (Hiney & Smith 1998) . There are many DNA target sequences that can be used for amplification in the PCR reaction. Sequencing of the 16S rRNA gene in virtually all the bacterial species described to date has made this gene one of the most important tools in the design of PCR-based diagnostic methods (Hiney & Smith 1998 , Osorio et al. 1999 , Osorio & Toranzo 2002 . However, extensive database comparisons demonstrate that differences in the 16S gene sequence between L. anguillarum and closely related species are insufficient to warrant the design of species-specific PCR primers using that gene as a target. Among the currently available L. anguillarum gene sequences in the EMBL database, we selected rpoN gene coding for the cellular sigma factor σ 54 as a PCR target. As a housekeeping gene, rpoN is expected to be present in all L. anguillarum isolates. Moreover, regions of high sequence variability are found in this gene compared to the homologous genes in other Listonella and Vibrio species. Therefore, the aim of the present study was to design 2 specific primers for L. anguillarum based on the rpoN gene sequence and validate a PCR method for the identification of this pathogen in different kinds of samples.
MATERIALS AND METHODS
Bacterial strains. A total of 57 strains from 22 bacterial species were used in the study. The geographical origin and host species are given in Table 1 . The identity of bacterial strains was confirmed, when necessary, by standard biochemical procedures (Santos et al. 1993) or by slide agglutination assays (Toranzo et al. 1987) .
Bacteria were obtained from the National Collection of Industrial and Marine Bacteria (NCIMB, Aberdeen, Scotland), American Type Culture Collection (ATCC, Manassas, Virginia, USA), laboratories in different countries and our own collection. The strains were routinely cultured on tryptic soy agar (TSA; Difco), supplemented with 1% (w/v) NaCl at 22°C for 24 to 48 h. Stock cultures of the strains were stored at -80°C in tryptic soy broth (TSC, Difco) supplemented with 15% (v/v) glycerol.
Primer design. . Samples of spleen and kidney from turbot free of vibriosis were homogenized with PBS to achieve 50% (w/v) suspension. Aliquots of fish tissue homogenate were seeded with an equal volume of the bacterial suspension. The final dilution of the tissue was 25% (w/v). Blood samples from healthy turbot were collected by vein puncture using a heparinized syringe and mixed with an equal volume (0.5 ml) of the bacterial suspensions. Samples of spleen and kidney from turbot suffering vibriosis, as confirmed by isolation and conventional identification of Listonella anguillarum, were also taken. These samples were homogenized with PBS by the procedure described above. In all cases CFU were verified by plating dilutions onto TSA-1 and counting the bacterial colonies produced.
DNA extraction. DNA was extracted using 2 different commercial systems: InstaGene matrix (BioRad) for the pure bacterial cultures, and Dynabeads DNA DIRECT™ (Dynal) for fish tissue homogenates and blood samples. In all cases, DNA purification was performed as recommended by the manufacturer.
Polymerase chain reaction (PCR). For the amplification, the Ready-to-go™ PCR beads (Amersham Pharmacia Biotech) system was used. Each bead contains all necessary reagents for the PCR reactions, except specific primers and template; 150 pmol of primers and 0.5 µl of DNA extracted from bacterial suspensions, fish tissue homogenates and blood were added.
Samples were subjected to 30 amplification cycles in a DNA thermal cycler (Mastercycler personal: Eppendorf). In order to optimize the thermal conditions for In the PCR program a first denaturation step at 95°C for 3 min was included, followed by 30 amplification cycles consisting of 95°C for 1 min, annealing of primers at 55 to 65°C for 1 min, and 72°C for 40 s. A final extension step of 5 min at 72°C was also included in the PCR program. In all the PCR experiments, DNA from pure cultures of L. anguillarum was included as a positive control, whereas non-inoculated tissues, DNA from other bacterial species and PBS were used as negative controls. Analysis of PCR products. PCR products were analyzed by horizontal 1% (w/v) agarose gel electrophoresis (100 V, 1 h) in TAE 1X (Tris 0.04 M, EDTA 0.001 M, pH 8) electrophoresis buffer, to which 0.5 µg ml -1 of ethidium bromide was added. A 1 kb DNA ladder (Bio-Rad) was included as a molecular weight marker. After electrophoretic separation, PCR products were visualized using a UV transilluminator (Fotodyne) and photographed using a polaroid MP-4 camera.
RESULTS

Experimental validation of primers
The specificity of the primers rpoN-ang5' and rpoNang3' was tested with 22 pure cultures of Listonella anguillarum and 35 pure cultures of other bacterial species (Table 1) . PCR reactions were performed at different annealing temperatures ranging from 55 to 65°C. At 58 and 62°C, all 22 L. anguillarum strains produced a unique and clear PCR band of the expected 519 bp length. However, at 58°C this amplification band was also produced with Vibrio ordalii (NCIMB 2167). This undesirable reaction was eliminated using the annealing temperature of 62°C. When the other non-L. anguillarum bacterial strains in Table 1 
Sensitivity of PCR system
When the primers rpoN-ang5'and rpoN-ang3' were tested for amplification with DNA extracted from the different bacterial suspensions (10 1 to 10 9 cells ml -1
) of Listonella anguillarum, the expected 519 bp PCR product was obtained with samples containing as few as 1 to 10 bacterial cells per PCR tube (Fig. 3) . Moreover, this protocol allowed the detection of 10 to 100 L. anguillarum cells per PCR tube (which corresponds to 2 × 10 3 to 2 × 10 4 cells g -1 fish tissue) using experimentally infected tissues or blood (Fig. 4) . The total time for the procedure, including DNA extraction from samples, amplification and gel electrophoresis, was approximately 5 h.
Testing naturally infected fish tissues
With the knowledge that Listonella anguillarum could be detected specifically, we tested whether this pathogen could be detected directly in tissues from fish suffering vibriosis. For this purpose, homogenized kidney from naturally infected and healthy fish were used as DNA source for PCR analyses. Application of the rpoNbased PCR protocol described above showed that L. anguillarum could be detected in the infected fish at a detection level similar to that in experimentally infected fish tissues (Fig. 4) determined from viable counts.
DISCUSSION
To date, nucleic acid-based methods have been used to identify the most important bacterial pathogens in aquaculture (Hill et al. 1991 , Corinne et al. 1992 , Brown et al. 1994 , Toyama et al. 1994 , Urdaci et al. 1998 , Osorio et al. 1999 , Cepeda & Santos 2000 . Although molecular diagnosis of vibriosis caused by Listonella anguillarum based on the use of DNA probes has been reported (Aoki et al. 1989 , Rehnstam et al. 1989 , Ito et al. 1995 , all the protocols described to date have required previous culture of the microorganism, necessitating the development of an alternative culture-independent technique for the detection of the pathogen. Moreover, DNA-probes based on L. anguillarum 16S rRNA ribosomal gene (as for example that reported by Rehnstam et al. 1989) , can hybridize with Vibrio species, as evidenced by database comparisons. Also, the nucleotide sequence of the DNA probe based on the 16S gene described by Martínez-Picado et al. (1994) , shows a 100% identity with the respective 16S gene sequence in related species such as V. ordalii, V. diazotrophicus and V. navarrensis. Detection of Listonella anguillarum by PCR was first reported by Hirono et al. (1996) , based on a hemolysin gene of this bacterium. However, this hemolysin gene is not present in all L. anguillarum strains, and thus the PCR method described by these authors fails to detect some isolates of this fish pathogen.
Our study has shown that the PCR method is one of the strongest tools for diagnosis, detecting in pure cultures as few as 1 to 10 Listonella anguillarum cells per reaction. The results from seeding of kidney, spleen tissues and blood samples also indicate the sensitivity of this method, detecting as few as 2 × 10 4 cells g -1 fish tissue, which corresponds to 100 L. anguillarum cells per reaction. Although the detection level with fish tissues and blood samples was lower than that with pure cultures (probably due to the presence of host DNA and undefined inhibitors of the PCR reaction; Wilson 1997), this PCR-based protocol is more sensitive than other molecular or serological methods previously described (Cipriano et al. 1985 , Ito et al. 1995 , Adone et al. 1996 , Martínez-Picado et al. 1996 . Blood testing is preferable to tissue analyses because it does not require the sacrifice of the sampled fish and is suitable for monitoring fish on farms. Moreover the high resolution of this DNAbased method makes a nested PCR reaction unnecessary. The PCR assay with the primers rpoN-ang5' and rpoN-ang3' was found to be specific for L. anguillarum at an annealing temperature of 62°C. Thus, our PCR protocol represents the first DNA-based molecular tool that allows distinguishing between L. anguillarum and Vibrio ordalii. By changing the annealing temperature from 62 to 58°C, we can also detect V. ordalii by this method, which could be useful when both pathogens are responsible for fish mortalities. This unspecific reaction also confirms the close genetic relationship between these 2 phenotypically separated species.
The PCR assay can be performed in 5 h compared to 48 to 72 h for serological or biochemical analyses. Moreover this method allows detection of the pathogen without previous isolation in culture media. Our results validate its efficacy in the rapid, specific and sensitive detection of this pathogen in field samples as well as in routine identification of the bacteria in mixed or pure cultures.
